Coordinated interactions between ovarian granulosa and theca cells are required for female endocrine function and fertility. To elucidate these interactions the regulation of the granulosa and theca cell transcriptomes during bovine antral follicle development were investigated. Granulosa cells and theca cells were isolated from small (<5 mm), medium (5-10 mm), and large (>10 mm) antral bovine follicles. A microarray analysis of 24,000 bovine genes revealed that granulosa cells and theca cells each had gene sets specific to small, medium and large follicle cells. Transcripts regulated (i.e., minimally changed 1.5-fold) during antral follicle development for the granulosa cells involved 446 genes and for theca cells 248 genes. Only 28 regulated genes were common to both granulosa and theca cells. Regulated genes were functionally categorized with a focus on growth factors and cytokines expressed and regulated by the two cell types. Candidate regulatory growth factor proteins mediating both paracrine and autocrine cell-cell interactions include macrophage inflammatory protein (MIP1 beta), teratocarcinoma-derived growth factor 1 (TDGF1), stromal derived growth factor 1 (SDF1; i.e., CXCL12), growth differentiation factor 8 (GDF8), glia maturation factor gamma (GMFG), osteopontin (SPP1), angiopoietin 4 (ANGPT4), and chemokine ligands (CCL 2, 3, 5, and 8). The current study examined granulosa cell and theca cell regulated genes associated with bovine antral follicle development and identified candidate growth factors potentially involved in the regulation of cell-cell interactions required for ovarian function.
INTRODUCTION
Antral follicle development is essential for maturation of the oocyte and to help control female endocrinology and fertility. The follicle is composed of the oocyte, granulosa cells, and theca cells. A rapid growth of granulosa cells and theca cells combined with an increase in the size of the antrum of the follicle is required for the transition from small to large preovulatory follicles (Macklon and Fauser, 1999; Webb et al., 2004) . The granulosa and theca cells are a site of action for the gonadotropins and a site for production of steroid hormones. The theca cells respond to luteinizing hormone (LH) and produce androgens, as well as progesterone in the pre-ovulatory large follicles (Magoffin, 2005; Wickenheisser et al., 2006) . The granulosa cells respond to follicle stimulating hormone (FSH) and produce estrogen. Granulosa cells in the large preovulatory follicle also respond to LH and produce progesterone (Webb et al., 2004; Skinner, 2005) . The cow is a useful model for the investigation of ovarian physiology since the bovine follicle size, cell biology and endocrinology are similar to that of the human (Webb et al., 2004; Moore and Thatcher, 2006) . The size of bovine antral follicles allows for isolation of purified theca and granulosa cell populations for the study of antral follicle development (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) .
Interactions between the theca cells and granulosa cells are required during antral follicle development (Parrott and Skinner, 1998b; Tajima et al., 2006) . Theca-granulosa interactions are an example of a mesenchymal-epithelial cell interaction (Parrott et al., 1994; Kezele et al., 2005a) . LH acts on the theca cells to promote the production of androgen that is then utilized by the granulosa cells to produce estrogen under the control of FSH. The estrogen can feedback on the theca cells to regulate theca cell function (Roberts and Skinner, 1990a,c) . The local production of growth factors is important to mediate the cell-cell interactions required for antral follicle development (Webb et al., 2004; Skinner, 2005) . Examples of growth factors that mediate cell-cell interactions include transforming growth factor-alpha (TGFa), transforming growth factor-beta (TGFb), hepatocyte growth factor (HGF), and keratinocyte growth factor (KGF/FGF7) that are produced by theca cells and subsequently act on granulosa cells (Skinner et al., 1987; Roberts and Skinner, 1991; Parrott and Skinner, 1998a,b) . Granulosa cells produce TGFbs, insulin-like growth factors (IGFs) and basic fibroblast growth factor (bFGF/FGF2) that can influence cell-cell interactions (Schams et al., 2002; Nilsson et al., 2003; Juengel et al., 2004a; Buratini et al., 2005; Drummond, 2005; Walters et al., 2006) . Granulosa production of kit ligand (KITL) and leukemia inhibitory factor (LIF) influences the oocyte that in turn produces growth differentiation factor 9 (GDF9) and bone morphogenic protein 15 (BMP15; Elvin et al., 1999; Su et al., 2004; Juengel et al., 2004b) . Other growth factors produced by granulosa and theca cells that mediate local cell-cell interactions include vascular endothelial growth factor (VEGF; Kaczmarek et al., 2005; Shimizu, 2006) , nerve growth factor (NGF; Salas et al., 2006) , bone morphogenic proteins (BMPs; Glister et al., 2004; Shimizu et al., 2006) , and kit ligand (Ismail et al., 1996; Parrott and Skinner, 1997) .
A genomic view of the granulosa and theca cell transcriptomes provides a much more global and efficient analysis of antral follicle development and growth factor mediated paracrine and autocrine cellcell interactions than the analysis of individual growth factors. Previous analyses of granulosa and theca cell transcriptomes by microarray procedures have focused on treated cells in culture Sriraman et al., 2006) or isolated developmental time points (Chin et al., 2002; Wood et al., 2003; Ben-Ami et al., 2006; Hernandez-Gonzalez et al., 2006; Mihm et al., 2006) . These studies have been useful to examine cell transcriptomes and specified gene sets Andreu-Vieyra et al., 2006) , but do not examine antral follicle development or assess granulosa and theca cells isolated from the same follicles. The current study investigates the genes regulated during antral bovine follicle development to establish an understanding of the granulosa and theca cell transcriptome changes, with a focus on the growth factors expressed that may mediate ovarian follicle paracine and autocrine cell-cell interactions.
MATERIALS AND METHODS Tissue Collection and Cell Isolation
Bovine ovaries were obtained from young nonpregnant cycling heifers less than 10 min after death. Ovaries were delivered fresh on ice by the Animal Reproduction Core Laboratory of the WSU/UI Center for Reproductive Biology. Only follicular phase ovaries were used as assessed by morphological criteria previously described (Ireland et al., 1980) , that included the absence of a corpus luteum (CL) and the presence of developing large antral follicles. Follicles were dissected from the ovaries. Granulosa cells were isolated by dissection (i.e., scraped and flushed) from fresh tissue as previously described (Skinner and Osteen, 1988 ).
Theca interna layers were then dissected (i.e., peeled) away in sheets from the follicle wall as previously described (Roberts and Skinner, 1990b) . Cells were obtained from small ( 5 mm), medium (5-10 mm), and large (>10 mm) antral follicles (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) . Healthy vascularized follicles were identified and morphologically atretic follicles were not utilized. Pooled granulosa or theca cell samples from medium and large follicles may include cells from healthy subordinate, as well as future dominant follicles. Cell preparations obtained by this procedure have been characterized cytochemically to be greater than 98% pure and contain less than 1% contamination with endothelial cells (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) . RNA was extracted from freshly isolated cells using the TRIZOL reagent (Invitrogen, Grand Island, NY) per manufacturer's instructions. About 20-40 different bovine follicles at each size were used for each individual RNA extraction, so that each pooled RNA sample represented 6-10 individual animals. All procedures were approved by the WSU Animal Care and Use Committee.
Microarray Analysis
An aliquot of each RNA sample was evaluated for quality by running on an agarose formaldehyde gel. Only samples with the expected proportions of 18S or 28S bands and which had no detectable (i.e., no extraneous smeared bands) genomic DNA contamination were used. RNA was hybridized to the Affymetrix (Affymetrix, Santa Clara, CA) bovine genome array chip. The Genomics Core in the Center for Reproductive Biology at Washington State University performed the analysis as previously described (McLean et al., 2002; Shima et al., 2004; Small et al., 2005; Kezele et al., 2005b) . Briefly, RNA from individual granulosa and theca cell RNA preparations were reverse transcribed into cDNA and cDNA was transcribed into biotin labeled RNA. Biotin labeled RNA was then hybridized to the Affymetrix bovine genome array chips. Each gene set is composed of 11 pairs of 25-mer oligonucleotides, with one oligonucleotide being an antisense strand specific for the gene and one oligonucleotide being an antisense strand with a single point mutation for use as a comparative negative control. The oligonucleotides span the gene so 5 0 and 3 0 regions are contributing to the final signal obtained. Biotinylated RNA was then visualized by labeling with phycoerythrin-coupled avidin. The microarray was scanned on a Hewlett-Packard Gene Array Scanner (Hewlett-Packard Co., Palo Alto, CA). Two microarray chips were run from two different RNA samples from each of small, medium, and large bovine granulosa and theca cell preparations.
Bioinformatics and Microarray Statistics
Microarray output was examined visually for excessive background noise and physical anomalies. The default Microarray Suite (MAS) statistical values were used for all analyses. Probe sets were scaled to 125 signal for analysis. An absolute analysis using MAS was performed to assess the relative abundance of the transcripts based on signal and detection (present, absent, or marginal) for the 11 different oligonucleotides sets per gene. The absolute analysis from MAS was imported into GeneSpring 7.3 software (Silicon Genetics, Redwood City, CA). The developing follicle data were normalized within GeneSpring using the default/recommended normalization methods. These include setting of signal values below 0.01-0.01, total chip normalization to the 50th percentile, and normalization of each gene to the median. Therefore, normalization occurred on an individual gene level with the multiple probe sets rather than to a potentially irrelevant gene probe set. These normalizations allowed for the visualization of data based on relative abundance at any given time point rather than compared to a specific control value. Data restrictions and analytical tools in GeneSpring were applied to isolate noteworthy and possibly important patterns of gene expression. Transcripts expressed differentially with fold change 1.5 or higher (i.e., the majority were higher) between groups were determined separately for granulosa cell and theca cell samples. This was applied to all three follicle size samples and considered all transcripts represented on the arrays. Two repeats for each follicle development stage and cell type were performed and allowed for a 2 Â 2 factorial comparison in the experiment. Subsequently, expression restrictions were applied to the transcripts expressed in a significant manner. These restrictions were designed so that the remaining transcripts met the following requirements in addition to being expressed in a significant manner: (1) each transcript must have a signal value of at least 75 in at least 1 of the 3 developmental stages; and (2) have an average fold change of 1.5 or greater in signal intensity between any 2 developmental stages. A signal of >75 was selected to avoid the false positive calls associated with a signal of >50 and false negative calls with a signal of >100. Genes were only selected if they had a statistically significant present call with a signal >75 and a change in expression (>1.5-fold). The resulting transcripts were screened using Excel (Microsoft, Redmond, WA) for redundant UniGene entries. Transcripts that passed these restrictions were considered for further analysis. Cluster Analysis and patterns of gene expression were identified using unsupervised analysis within the set of differentially expressed transcripts that met the requirements detailed previously. Clustering algorithms allow for the separation of distinct patterns of expression based on the similarity of expression profiles between different genes (Eisen et al., 1998; Kezele et al., 2005b) . In this analysis, a hierarchical clustering algorithm utilizing a smooth correlation with the default parameters was used in order to group genes with similar patterns of expression within the time course. The relationships of the various transcriptomes is depicted using an analysis that generates a dendrogram to illustrate major expression patterns within the differentially expressed transcripts (determined through statistical analysis) in a continuous fashion. This dendrogram analysis allows a visualization of the entire changing transcriptome for comparison between samples. Pathway Assist (Ariadne Genomics, Inc., Rockville, MD) software was used for detailed pathway analysis and gene associations. Previous studies have shown that microarray data correlates well with real-time quantitative PCR and Northern analysis (Sadate-Ngatchou et al., 2004; Kezele et al., 2005b) . The microarray procedure involves 11 pairs of perfect match and mismatch oligonucleotides for each gene versus the single primer set used for the quantitative PCR analysis. Therefore, the microarray provides a more robust quantitation and more effective elimination of false positives and negatives in comparison to the PCR analysis. Therefore, global microarray data does not generally need to be confirmed as previously suggested and selected genes generally have been shown to confirm the analysis (McChlery and Clarke, 2003; Shima et al., 2004) . However, three genes were selected in the current study for confirmation with real-time PCR (i.e., Vegf, TGFb1, and aromatase Cyp19) as previously described (Kezele et al., 2005b) , and the expression changes for all three genes were found to provide data similar to the microarray analysis (Supplemental Fig. S2 ).
RESULTS
The morphology of the bovine small, medium, and large antral follicles are shown in Supplemental Figure  S1 . The theca layer is composed of a theca externa and interna, which are vascularized. The granulosa cells adjacent to the theca cells are the mural granulosa cells while those adjacent to the oocyte are the cumulus granulosa cells, Supplemental Figure S1 . Follicular phase healthy developing follicles having this morphology were used. As the follicle develops an increase in cell numbers and layers is in part responsible for the increased size of the antral follicle. Small (<5 mm), medium (5-10 mm), and large (>10 mm) antral follicles were isolated from freshly collected bovine ovaries as described in the Materials and Methods Section (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) . Granulosa cells were isolated and then theca cells microdissected from the ovary. For each experiment RNA was isolated from three different preparations of cells from different ovary collection sets and combined for analysis. Each pooled RNA sample represented 6-10 individual animals as described in the Materials and Methods Section. Two separate experiments were performed to provide duplicate Affymetrix microarray chips for each cell type/follicle size combination. The R 2 values from the duplicate chip comparisons were greater than 0.98 for both theca cell and granulosa cell chips. Therefore, the variability of the chips and samples was negligible. A set of known ovarian cell specific genes was selected to verify the system and indicate the purity of the cell preparations. Table 1 demonstrates that the genes anticipated to be specific for granulosa cells [i.e., FSH receptor (Fshr), Anti-Mü llerian hormone (Amh; i.e., Mü llerian inhibitory substance), and aromatase (Cyp19)] are highly expressed in the granulosa cells with changes between the small, medium, and large samples, and have negligible expression in the small and medium follicle theca cells. The exception was the unexpected high level of aromatase in the large follicle theca cells. This large follicle theca cell aromatase gene expression was confirmed with a real-time PCR analysis and showed results similar to the microarray data, namely that there is negligible expression in small antral follicles and high levels of expression in large antral follicle theca cells, comparable to large antral follicle granulosa cells (Supplemental Fig. S2 ). A theca cell gene Lhr (i.e., LH receptor) was primarily expressed in the theca cells and not granulosa cells, Table 1 . Expression of an oocyte gene, growth differentiation factor 9 (Gdf9), was not detected in either the granulosa or theca cell preparations, Table 1 . Therefore, the cell population purity and isolation system appears appropriate for a transcriptome analysis.
Analysis of the transcriptome was performed on an Affymetrix bovine genome microarray containing approximately 24,000 genes. Most genes are called absent with a signal that is approximately 50, but this varies between specific genes such that a signal cut-off of 75 was used. Therefore, the signal cut-off of 75 reduces the false positives observed with a cut-off of 50 and reduces the false negatives observed with a cut-off of >100. For granulosa cells a Venn diagram of all genes illustrates 13,835 genes detected with 7,810 common between small, medium, and large follicles and 334 specific to small, 243 specific to medium, and 815 specific to large follicle granulosa cells, Figure 1A . Regulated genes were defined as those with a minimum of 1.5-fold change between two (i.e., small to medium, medium to large, or small to large) of the small, medium, or large sample isolates. These regulated granulosa genes are shown in Figure 1B with overlap and specificity shown for 446 genes. The theca cell transcriptomes for all genes detected are shown in Figure 1C with 14,385 genes detected and 7,644 common between small, medium, and large follicles and 589 specific to small, 224 specific to medium, and 272 specific to large follicles. Regulated theca cell genes are shown in Figure 1D with overlap and specificity for 248 genes.
The dendrograms for the granulosa and theca cell regulated genes are shown in Figure 2 demonstrating the general changes during antral follicle development. This analysis allows the entire changing transcriptome differences to be compared between samples. Each gene has a specific colored line with an increase or decrease in expression as indicated. The regulated genes fall into five general clusters of expression patterns (i.e., color patterns) with the majority either increasing or decreasing between small, medium, and large antral follicles. Two clusters have highest or lowest levels of expression in the medium follicles, Supplemental Figure S3 . The regulated gene lists for both the granulosa and theca cells were categorized into functionally related gene families or networks, Figure 3 . For granulosa cells the major gene categories of immune regulation genes, metabolism genes, signaling genes and extracellular and cytoskeletal genes are predominant. For theca cells the major gene categories of metabolism genes, signaling genes, and transcription genes are predominant. The specific genes in these different categories are listed in the online Supplemental Tables S1 and S2. Both granulosa and theca cells had a large number of unknown and expressed sequence tags (ESTs), Figure 3 . As shown in Figure 3 the majority of genes in specific categories have increased expression as the follicle develops. Genes that have an increased or decreased peak expression at the medium antral follicle stage (i.e., other) are also present in most categories, Figure 3 .
A pathway analysis revealed a number of signal transduction and cellular processes containing multiple (i.e., >5) regulated genes in developing antral granulosa cells, but fewer in theca cells, those for cell adhesion molecules, regulation of actin cytoskeleton, focal adhesion, the PPAR signal pathway, cytokine receptor interactions and the MAPK signaling pathway. The theca cell gene lists did not identify any specific pathways with greater than three regulated genes, but did contribute to regulation of several of the pathways that contained granulosa cell regulated genes, Table 2 . These regulated pathways in the developing antral granulosa cells are anticipated to have a role in antral follicle development. Analysis of specific cellular pathways was focused on extracellular regulation of antral follicle development. One signaling pathway critical for folliculogenesis is the apoptosis pathway. Developing follicles require a suppression of apoptosis while atretic follicles require a stimulation of this signaling pathway. A number of genes within the apoptosis pathway were regulated in both theca and granulosa cells, Figure 4 . Genes associated with the induction of apoptosis [e.g., Bid, caspase 3 (Casp3)] were increased, but also those that inhibit apoptosis (e.g., Flip). Therefore, cells develop the capacity to undergo apoptosis, and regulation is independent of gene expression. Those apoptosis related genes with different expression patterns between theca and granulosa are indicated in Figure 4 . Another signaling pathway regulated during antral follicle development was the TGFb family signaling pathway, Figure 5 . A large number of the genes were regulated with some differences between theca and granulosa cells. Due to the large number of TGFb family growth factors having a role in the ovary (e.g., Gdf9, Tgfb1-3, Amh), this signaling pathway is expected to be regulated and influence both theca cell and granulosa cell growth and differentiation, Figure 5 .
An analysis of growth factors and cytokines expressed and regulated during follicle development in either theca cells or granulosa cells was made, Table 3 . Examples of genes that either decrease or increase during follicle development are observed. In granulosa cells a large number of cytokines have an increased Molecular Reproduction and Development expression, while the Igf family is prominent as well, Table 3 . The number of theca cell candidate antral follicle regulatory growth factors is less than that observed for granulosa cells. Regulated gene expression in small, medium, and large antral follicles demonstrates a group of 16 growth factors that increase (e.g., Gmfg, Vegf, Tgfb1, Ccl2, Ccl5, Ccl8), and a group of 4 that decrease (e.g., Tdgf1) in expression during antral follicle development , Table 3 . Genes that regulate growth factor function are also regulated (i.e., Igfbp2). The increased expression of Vegf in theca cells between small and large antral cells was confirmed with a realtime PCR analysis (1.5-fold increase), as a selected gene to confirm the microarray analysis, Supplemental Figure S2 . Two growth factors, Ccl2 and Spp1, increase in antral follicle development and are expressed by both granulosa and theca cells. Analysis of receptors associated with the growth factors identified is shown in Table 4 . Not all growth factors have identified receptors and not all receptors are located on the microarray chips. Therefore, the list of receptors is a minimal list to be considered. The granulosa cells had 10 receptors associated with 8 of the growth factors shown to be expressed by granulosa cells, Table 4 . The theca cells had one receptor (i.e., Ccr1), that was also expressed by granulosa cells, Table 4 , and responds to the cytokine Ccl5 expressed by granulosa cells, Table 3 . Four of the receptors had the highest level of expression in the large antral follicle granulosa cells (i.e., Cxcr4, Ccr1, Cxcr3, Ccr5), while most maintained relatively equal levels of expression in different follicle sizes, Table 4 . These observations suggest both paracrine and autocrine growth factor signaling occurs. Therefore, a number of candidate regulatory growth factors were identified as being expressed by granulosa cells and theca cells that now require future studies to assess potential functional roles in antral follicle development.
DISCUSSION
Regulation of the granulosa and theca cell transcriptomes during bovine ovarian antral follicle development was investigated. Bovine granulosa and theca cells were isolated from small ( 5 mm), medium (5-10 mm), and large (>10 mm) antral follicles. The purity of the isolated cells has been shown to be greater than 98% in cell culture (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) . The microarray data for specific granulosa and theca cell genes demonstrated a high level of purity of the cells, Table 1 . FSH receptor (Fshr) was only observed in granulosa, while LH receptor (Lhr) was in theca cells. A marker for oocytes, Gdf9, was not present in either cell preparation. Therefore, as previously described (Skinner and Osteen, 1988 Total pathway genes involves the total number of genes present in the listed pathway as compiled by KEGG and accessed through GeneSpring. Number of genes from granulosa or theca microarray analysis are defined as regulated according to the criteria in Methods and which are present in the listed pathway.
and Skinner, 1990b) the purity of freshly isolated antral granulosa and theca cells is appropriate for the subsequent analysis. Interestingly, a high level of aromatase (Cyp19) gene expression was observed in large and medium follicle theca cells, but not small theca cells, Table 1 . Previously, theca cells from small, medium or large follicles were shown to have no detectable aromatase bioactivity in the ability to aromatize androgen (Roberts and Skinner, 1990a,b) . Therefore, the functional role of this aromatase gene expression by the large follicle theca cells is unclear and remains to be investigated. In contrast to the rodent CL that only produces progesterone, the bovine and human CL produces both progesterone and estrogen. Although not rigorously investigated, the ability of the luteinized theca cells to cooperate in the CL estrogen production has been suggested (Inkster and Brodie, 1991; Watson, 2000; Okuda et al., 2001; Lenz et al., 2004) . Future studies will need to investigate this further along with the bioactivity of any aromatase expressed. The hypothesis would be that large antral follicle theca cells express aromatase, but do not have aromatase bioactivity until Molecular Reproduction and Development in the CL when the luteinized theca develop the capacity to produce estrogen. Since the purity of the isolated cells has been shown to be >98% (Skinner and Osteen, 1988; Roberts and Skinner, 1990b) , the level of aromatase (Cyp19) gene expression is too high to suggest a contamination issue, Table 1 , but this issue needs to be further investigated. Although this bovine theca cell aromatase expression is an interesting observation, it does not influence the current study nor the conclusion that the cell populations are adequate for further investigation. The lack of detectable expression of LH receptor (LHR) in the large follicle granulosa cells was also unexpected. The theca cell expression of LHR is higher than granulosa in most mammals, but the raw signal value in large follicle theca was only 123, Table 1 . Therefore, either the steady state levels of LHR mRNA are low compared to protein, or the array signal sensitivity for LHR is low. The lack of LHR detection in large follicle granulosa cells is likely due to one of these parameters.
The morphological criteria described in the Materials and Methods Section used to select follicles to pool for each RNA sample allow for the possibility that both healthy subordinate follicles as well as future dominant follicles may be included in the medium and possibly large follicle samples. The high R 2 values for the duplicate chips from each treatment group indicate that the proportions of subordinate and future dominant follicles are similar between duplicate samples. Therefore, comparing the genes expressed in small, medium and large follicles will not apply to dominant versus subordinate follicle development, rather will reflect those changes in gene expression that are common to dominant and subordinate follicles. The developmental processes that occur within the small, medium and large follicle sub-categories will need to be more thoroughly investigated in future analyses.
A large number of studies have investigated the expression of various individual genes during antral follicle development. To provide a more systems biology approach to understanding ovarian physiology a genome wide view of the different cells transcriptomes is required. The current study used a microarray approach to study granulosa cell and theca cell gene expression Molecular Reproduction and Development during antral follicle development. The bovine Affymetrix microarray chip has approximately 24,000 gene transcripts arrayed that represent the majority of the cow genome. Approximately 14,000 genes were expressed by either theca or granulosa cells, with approximately 7,000 of these in common. Unique cell specific sets of genes were expressed at each of the small, medium, and large stages of antral follicle development, Figure 1 . Those genes found to be regulated (altered greater than 1.5-fold in expression between follicle stages) included some that were specific to a particular cell type and stage of development. Some genes decreased while others increased during antral follicle development, Figure 2 and Supplemental Figure S3 . The bovine genome sequence is not fully annotated, so it was not surprising a large number of genes fell into the unknown or EST categories. Further identification of these genes and characterization of the bovine genome will provide additional insights into these regulated genes.
Previous microarray analyses of follicle development has primarily focused on isolated cell types from a specific developmental stage (Chin et al., 2002; Wood et al., 2003; Ben-Ami et al., 2006; Hernandez-Gonzalez et al., 2006; Mihm et al., 2006; Xu et al., 2006) . Granulosa cells have been analyzed in cell culture Sriraman et al., 2006) , at ovulation (Hernandez-Gonzalez et al., 2006) , and in disease states (Chin et al., 2002) . Theca cells have not been rigorously investigated (Wood et al., 2003 (Wood et al., , 2004 Mihm et al., 2006) . Whole ovary analysis has also been useful to elucidate early stage follicle assembly and primordial follicle development (Kezele et al., 2005b) , normal follicle development (Liu et al., 2001; Jo et al., 2004; De et al., 2006) and the impacts of disease states (Burns et al., 2003) . The ovarian follicle transcriptomes from several species have been examined including primate (Xu et al., 2006) , bovine (Mihm et al., 2006) , pig (Caetano et al., 2004) , and human (Wood et al., 2004) . The analysis of the oocyte at various stages of follicle development has also been accomplished (Yao et al., 2004; Acevedo and Smith, 2005) . The global analysis of the granulosa and theca cell transcriptomes during antral follicle Molecular Reproduction and Development development has not been previously investigated, and is the focus of the current study.
The microarray analysis of granulosa and theca cell transcriptomes during antral follicle development revealed sets of regulated genes that are specific to a particular cell type and follicle stage. Analysis of cellular pathways with multiple regulated genes present identified a number of pathways in granulosa cells, Table 2 . Although several of these pathways have been shown to have a role in the ovary (Shiota et al., 2003; Tamura et al., 2004; Froment et al., 2006; Peluso, 2006) , the role they have in granulosa cell antral follicle development remains to be elucidated. Pathways emphasized were the apoptosis and TGFb signaling pathways. Apoptosis is required for both granulosa and theca cells during follicle atresia, so both cell types have the capacity to respond to cell death or survival signals. A large number of apoptosis pathway genes were not regulated, Bold lines are genes that increase (S < M < L) during antral follicle development. Raw microarray signal for cells from small (S), medium (M), or large (L) follicles. Figure 4 , but several key genes were altered. The hormonal regulation of apoptosis (Elvin et al., 1999 ) is critical throughout antral follicle development. The TGFb signaling pathway is also active in both cell types and regulated in a similar manner. Since a number of TGFb family members such as BMPs, TGFB1-3, inhibin, activin, follistatin and AMH all are known to be produced locally in the ovary, the TGFb signaling pathway has functional relevance to the expression data provided (Cook et al., 2004; Drummond, 2005; Mazerbourg and Hsueh, 2006) . The current study focused on this and other growth factor mediated paracrine and autocrine cell-cell interactions to identify potential regulatory candidates for future analysis. The ability of theca cells to influence granulosa cells initially was observed with steroid interactions (Roberts and Skinner, 1990a,b; Webb et al., 2004) , and then a number of growth factors were shown to be produced by theca cells that regulate granulosa cells (Skinner et al., 1987; Skinner, 1990a,c, 1991; Parrott et al., 1994; Parrott and Skinner, 1998a,b; Kezele et al., 2005a; Tajima et al., 2006) . Theca cells were shown to produce the proteins TGFa (Roberts and Skinner, 1991) , TGFb (Skinner et al., 1987; Roberts and Skinner, 1991; Nilsson et al., 2003; Juengel et al., 2004a; Drummond, 2005) , insulin-like growth factor (IGF; Schams et al., 2002; Walters et al., 2006) , HGF (Parrott et al., 1994; Parrott and Skinner, 1998a) and keratocyte growth factor (KGF; Parrott et al., 1994; Parrott and Skinner, 1998b; Kezele et al., 2005a ) that can all influence granulosa cell growth. Granulosa cells also produce secreted regulatory factors that can influence theca cells including kit ligand (KITL; Ismail et al., 1996; Parrott and Skinner, 1997; Shimizu et al., 2006) , FGF2 (Buratini et al., 2005) , and VEGF (Kaczmarek et al., 2005; Shimizu, 2006) . Granulosa cells and oocytes also interact in the production of secretory factors such as GDF9 and BMP15 (Elvin et al., 1999; Su et al., 2004;  Molecular Reproduction and Development 
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Bold lines are genes that increase (S < M < L) during antral follicle development. Raw microarray signal for cells from small (S), medium (M), or large (L) follicles. Juengel et al., 2004b) . Therefore, paracrine and autocrine cell-cell interactions are thought to be essential for the growth and development of the antral follicle (Webb et al., 2004; Tajima et al., 2006) . Characterization of additional growth factors that can mediate ovarian cell-cell interactions on a genome wide level with microarray analysis is an objective of the current study. A number of candidate regulatory growth factors were found to be expressed by both granulosa and theca cells, Table 3 . Interestingly, some increased during antral follicle development, while others decreased. For granulosa cells several groups of functionally related genes were identified. The first is the insulin-like growth factor (Igf) family. Igf1 has been shown to be important for both granulosa and theca cell function, in particular for cell growth regulation, as observed for most cell types (Edmondson et al., 2003; Romano, 2003; Oksbjerg et al., 2004; Kurmasheva and Houghton, 2006; Ye and D'Ercole, 2006) . The Igf binding proteins, Igfbp2, 3, and 4, were found to be expressed by granulosa cells. Interestingly, Igfbp2 was highest in small follicles, Igfbp4 highest in medium follicles and Igfbp3 highest in large follicles, Table 3 . Potential differential actions and functions should be considered. The interplay of Igf1 and the IGFBPs has been previously implicated in regulating antral follicle development (Fortune et al., 2004; Gerard et al., 2004; Voge et al., 2004; Santiago et al., 2005; Canty et al., 2006; Walters et al., 2006) .
The second functionally related growth factor family of genes expressed by granulosa cells was the cytokines, Table 3 . Granulosa cells expressed chemokines Ccl2, Ccl3l1, Ccl5, Ccl8, and Cxcl16. All cytokines increased with antral follicle development and all had relatively high levels of expression in the large antral follicle, with Cxcl16 being highest. These cytokines have been shown to be expressed by cells during viral infection and to induce activation and migration of immune cells to combat infection (Salazar-Mather and Hokeness, 2006) . A previous granulosa cell mircroarray analysis identified cytokines and other immune related genes as being prevalent in cumulus-oocyte complexes (HernandezGonzalez et al., 2006) . Combined observations of the granulosa cell transcriptome supports a potentially important role for these immune related genes in the antral follicle. Although immune cell inter-communication may be a factor (e.g., immune cells in pre-ovulatory follicles; Castilla et al., 1990; Loukides et al., 1990) , cytokine actions on granulosa cells, theca cells and the oocyte need to be considered. The receptors for a number of these cytokines were found to be expressed by granulosa cells, Table 4 . Therefore, autocrine actions of these cytokines are speculated to be important for antral follicle development.
A number of other granulosa cell expressed growth factors were identified. Growth factors that increased in expression during antral follicle development included glial maturation factor gamma (Gmfg). Gmfg is related to Gmfb which affects growth and differentiation of neurons and glia (Asai, 2001) . Gmfg is expressed in endothelial and inflammatory cells and localizes with cytoskeletal elements to modulate migration and differentiation (Ikeda et al., 2006) . Macrophage inducing protein beta (Mip1), also known as Ccl4, increased during antral development and has been implicated in a variety of chemokine-mediated actions including hematopoesis, cancer-mediated bone disease, asthma, and macrophage and lymphocyte function (Maurer and von Stebut, 2004; Bisset and Schmid-Grendelmeier, 2005; Sezer, 2005; Ramkissoon et al., 2006) . Stromal cell derived factor-1 (Sdf1), also known as Cxcl12, mediates a wide variety of chemokine actions including regulation of hematopoesis (Lataillade et al., 2004) , cancer progression (Egeblad et al., 2005) , and embryogenesis (Nagasawa et al., 1998) . Previously Sdf1a has been implicated in inhibiting the initiation of growth of primordial follicles in the ovary (Holt et al., 2006) . The receptor for SDF1 (i.e., CXCR4) is expressed by granulosa cells, with highest levels in the large follicles, Table 4 . Therefore, an autocrine action of Sdf1 is proposed on antral follicle granulosa cells. Osteopontin is a secreted glycoprotein (Denhardt and Guo, 1993) that is expressed by granulosa cells at high levels and has been previously shown to be involved in mammary gland development and function (Nemir et al., 2000) . Osteopontin (SSP1) may mediate cell matrix interactions in the ovarian antral follicle (Denhardt and Guo, 1993) . Two growth factors, Vegf and Tgfb1, were shown in the current experiment to have their highest levels of expression in the granulosa cells of large antral follicles (Table 3 ). The identification of these factors helps confirm the microarray approach. Vegf has been shown to have a role in vascularization of the developing large follicles (Wulff et al., 2002; Fraser, 2006) , while Tgfb1 has been shown to regulate cell proliferation and differentiation of both granulosa and theca cells (Dorrington et al., 1993; Attia et al., 2000; Saragueta et al., 2002; Johnson et al., 2004; Woods et al., 2005) .
Growth factors expressed by granulosa cells that declined during antral follicle development or peaked at the medium antral follicle stage, were also identified, Table 3 . The teratocarcinoma-derived growth factor 1 (Tdgf1; also known as cripto) was expressed at its highest levels in the small antral follicle. Tdgf1 acts as both a ligand for activation of the src-Akt pathway and in the regulation of the nodal signaling pathway. Tdgf1 is involved in embryogenesis and tumorigenesis (Kenney et al., 2004; Strizzi et al., 2005) . Granulosa cells from small antral follicles expressed the angiogenin (Ang) family member (Lee et al., 1999; Koga et al., 2000; Kawano et al., 2003; Horikawa et al., 2005) angiopoietin-4 (Ang4), a modulator of angiogenesis through binding of the endothelial Tie2 receptor (Lee et al., 2004) . A granulosa expressed growth factor with high levels of expression in the large and small antral follicles is growth arrest-specific 6 (Gas6), that has previously been implicated in kidney function, blood clot formation and in regulating cell apoptosis (Yanagita, 2004; Lafdil et al., 2006; Saller et al., 2006; Shankar et al., 2006) . The GAS6 and associated receptors Mer, Axl, and Rse have been shown to be important in testis function (Lu et al., 1999) .
The GAS6 receptors, MER, AXL, and RSE, were found to be expressed by granulosa cells at high levels throughout antral follicle development, Table 3 . Therefore, GAS6 appears to have the potential to mediate autocrine granulosa cell-cell interactions during antral follicle development. Granulosa cells from small antral follicles also expressed growth differentiation factor 8 (GDF8) (also known as myostatin) that is a member of the TGFb family of growth factors and has been shown to negatively regulate muscle growth (Tsuchida, 2004) . Although the GDF8 knockout mice do not have fertility defects (McCroskery et al., 2005) , GDF8 may have other compensatory growth factors present, such as TGFb family members, that mask important functions or phenotypes in the null mutant experiments. Similar observations have been made with other ovarian regulatory factors such as LIF that do not have an ovarian null mutant phenotype, but are known to influence germ cell development (Cheng et al., 2002; Molyneaux et al., 2003) . These candidate antral follicle regulatory growth factors from the granulosa now need to be investigated on a functional level.
Candidate antral follicle regulatory growth factors were also identified in theca cells, although there were fewer than were found in granulosa. As found with granulosa cells, theca cells produced several immune related genes and cytokines. Theca cells expressed Ccl2 with the highest levels found in large antral follicles, Table 3 . Therefore, both theca and granulosa cells express Ccl2. Previous literature has also reported expression of CCL2 (i.e., monocyte chemoattractant protein-1, MCP1), from both granulosa and theca/ stroma cells of pre-ovulatory follicles (Arici et al., 1997; Kawano et al., 2001 Kawano et al., , 2004 . Another cytokine expressed by large antral follicle theca cells at relatively high levels is chemokine (Cmotif) ligand 1 (Cxcl1; also known as lymphotactin) that has previously been shown to be a chemoattractant for lymphocytes (Hedrick and Zlotnik, 1998; Stievano et al., 2004) . A theca cell cytokine expressed at high levels in the large and small follicle stages is small inducible cytokine A23 (Ccl23; also known as Mpif1) previously shown to be chemotactic for lymphocytes, but inhibitory to myeloid precursor cells (Patel et al., 1997) . As found with granulosa cells, the major group of theca cell growth factors identified was also cytokines, providing additional support for these factors in antral follicle development. Cytokines are known for their roles in attracting and regulating white blood cells, and such leukocytes can comprise a significant proportion of the cells present in preovulatory follicles (Castilla et al., 1990; Loukides et al., 1990) . Inflammatory processes mediated by leukocytes may contribute to pre-ovulatory follicle development (Wong et al., 2002) . The bovine granulosa and theca cell preparations have previously been shown to be >98% pure, with negligible cell contamination (Skinner and Osteen, 1988; Roberts and Skinner, 1990b ). Although we cannot exclude immune cell involvement, the potential that these signaling molecules have a direct role in regulation of follicle development, outside of this role as leukocyte mediators, now needs to be considered. An example of such local cytokine mediated cellular interaction potentially identified involves the expression of Ccl5 by granulosa cells and associated receptor Ccr1 expression by both theca cells and granulosa cells, Table 4 . CCL5 may have both an autocrine and paracrine role in mediating theca and granulosa cell interactions during antral follicle development. The functional role of Ccl5 in antral follicle development now needs to be investigated. The final growth factor found to be expressed by the small antral follicle theca cells is stem cell growth factor (Scgf) that has previously been shown to stimulate growth of primitive hematopoetic progenitor cells (Hiraoka et al., 1997) . These candidate antral follicle regulatory growth factors now need to be functionally investigated.
The analysis of the bovine granulosa and theca cell transcriptomes during antral follicle development has provided a resource to correlate gene expression to follicle development and identify novel regulatory factors. The database for this microarray study is available at www.skinner.wsu.edu or NCBI GEO. The candidate antral follicle regulatory growth factors identified suggest novel roles for a number of cytokines, as previously suggested (Machelon and Emilie, 1997; Bukulmez and Arici, 2000; Brannstrom and Enskog, 2002) , and provides candidates for future functional analyses. These observations support a critical role for the local production and action of regulatory factors to mediate the cell-cell interactions essential for antral follicle development and ovarian function.
